Introduction {#Sec1}
============

Magnetic resonance imaging (MRI) offers high spatial resolution and excellent soft-tissue contrast, making it an ideal tool for the detection of parenchymal and osseous lesions. Furthermore, MRI does not use any potentially harmful radiation. MRI may therefore be an attractive technique for the detection and characterisation of disease throughout the entire body \[[@CR1], [@CR2]\]. Previously, whole-body MRI was hampered by severe limitations. Repositioning of the patient and the surface coils to image the separate stations of the whole-body MRI examination led to exceedingly long examination times. Furthermore, anatomical alignment between separately imaged stations was not maintained using this approach. This limitation has been overcome by the development of the sliding table platform, which allows sequential movement of the patient through the bore of the magnet without patient repositioning, while signal is received by either an integrated body coil or by a (more recently introduced) whole-body surface coil design \[[@CR1]--[@CR3]\]. A whole-body surface coil design yields superior signal-to-noise ratio (SNR) and spatial resolution compared with an integrated transmit-receive body coil. Moreover, the use of surface coils allows for parallel imaging, which may be necessary for imaging time reduction and for acquiring certain types of MRI sequences, such as diffusion-weighted MRI (DWI). Of note, DWI has recently been implemented in a whole-body MRI examination and is a potentially powerful tool for the detection and characterisation of various oncological and non-oncological lesions \[[@CR4], [@CR5]\]. Thus, the use of a whole-body surface coil design is preferred to perform a whole-body MRI examination. The interest in the clinical application of whole-body MRI is rapidly increasing, as is well illustrated by the large number of publications in this field over the past few years \[[@CR6]--[@CR17]\]. Furthermore, whole-body MRI may be an excellent alternative to whole-body positron emission tomography (PET)/computed tomography (CT) \[[@CR6]--[@CR8], [@CR10], [@CR12], [@CR13]\], given its wider availability \[[@CR18]\] and the lack of ionising radiation \[[@CR19]\]. However, most MR systems in routine clinical practice may not yet be equipped with an integrated whole-body surface coil design. Moreover, for a large number of these systems, an easily available upgrade towards fully integrated whole-body surface coil technology may not be available (yet). On the other hand, non-integrated surface coils (some of which are capable of parallel imaging) are widely available. These surface coils, however, have only a limited anatomical coverage. Nevertheless, it may still be possible to perform a whole-body MRI examination using a non-integrated surface coil. The aim of this study was, therefore, to introduce and qualitatively assess a new and easy approach to performing a time-efficient and high-quality whole-body MRI examination (including DWI) using a non-integrated surface coil.

Materials and methods {#Sec2}
=====================

Asymptomatic subjects {#Sec3}
---------------------

Institutional review board approval was waived because MRI examinations were performed as part of routine patient care. Ten consecutive asymptomatic subjects \[five men and five women; mean age, 61.6 years (range, 52--79 years); mean height, 160.2 cm (range, 154--167 cm); mean weight 55.6 kg (range, 44--62 kg); mean body mass index 21.6 kg/m^2^ (range, 18.3--24.2 kg/m^2^)\], who underwent whole-body MRI for health screening, were prospectively included. Subjects with a general contraindication for MRI (including implanted pacemaker and claustrophobia) were excluded from participation.

Table preparation {#Sec4}
-----------------

In order to perform a whole-body MRI examination using a non-integrated surface coil, four spacers (each with a height of 5 cm) were placed on the original patient table. Subsequently, an additional table platform (Tabletop extender, Philips Healthcare, Best, The Netherlands) was mounted on top of these four spacers. In this way, sufficient space was created to freely move the lower part of a surface coil over a distance of approximately 110 cm along the z-axis, without the need to reposition the subject who is lying on top of the additional table platform (Fig. [1](#Fig1){ref-type="fig"}). As a trade-off, the use of spacers and an additional table platform reduced the available vertical bore diameter by 6.5 cm. Fig. 1Table preparation for whole-body MRI using a sliding surface coil approach. **a** Spacers (*white arrowheads*) are placed on top of the original patient table to create space for the lower part of the surface coil (*black arrowhead*). **b** An additional table platform is mounted on top of the spacers (*arrow*). The lower part of the surface coil (*black arrowhead*) can be moved freely below the additional table platform (*dashed arrows*). **c, d** Patient is lying on top of the additional table platform; the surface coil can be moved freely without patient repositioning (*dashed arrows*)

MRI {#Sec5}
---

All subjects were examined by 1.5-T MRI (Achieva, Philips Healthcare, Best, The Netherlands), using a four-element phased-array surface coil (SENSE body, Philips Healthcare, Best, The Netherlands), in the head-first position. Four different anatomical stations (station 1 = head/neck; station 2 = chest; station 3 = abdomen; station 4 = pelvis) were separately imaged, using T1-, T2- and diffusion-weighted sequences. Geometries among the different stations of the T1-, T2- and diffusion-weighted sequences were coupled using software implemented in the standard operating console (Geolinks, Philips Healthcare, Best, The Netherlands). After imaging one station, the operator entered the examination room, moved the surface coil to the next station, and repositioned the centre of the coil at the isocentre of the magnet (three station changes in total), without repositioning the subject (Movie clip 1). In this way, three-dimensional (3D) alignment among the imaged stations was maintained. Of note, the operator was outside the examination room during scanning. The positions and overlaps of the four stations in DWI are shown in Fig. [2](#Fig2){ref-type="fig"}. To maintain sufficient SNR in the periphery of the field of view (FOV) of each station in the z-direction, a 3-cm overlap between two adjacent stations was applied. Furthermore, a 7-cm overlap was applied between stations 1 and 2, in order to maintain robust fat suppression in the neck/shoulder region, an area which may suffer considerably from magnetic field heterogeneity. Because of the gradient design, no corrections for non-linear gradient behaviour had to be applied. Fig. 2Positions and overlaps of the four stations in DWI, with explanatory measures (in mm). Imaging length of DWI was 87.3 cm, and aimed to cover the body from the level of the ear to the inguinal region

T1-weighted gradient-echo imaging was performed with the following sequence parameters per station: repetition time (TR)/echo time (TE), 187/2.3 (in-phase) and 4.6 (out-of-phase) ms; image acquisition in the coronal plane; slice thickness/gap, 7.0/1.0 mm; number of slices, 25; FOV, 400 mm^2^; acquisition matrix, 224; one signal average; imaging percentage (phase encode reduction), 65%; actual pixel size 1.79 × 2.74 mm^2^, reconstructed pixel size, 1.25 × 1.25 mm^2^; image acquisition under (end-inspiratory) breath-holding; total imaging time, 28 s per station.

T2-weighted turbo spin-echo imaging was performed with the following sequence parameters per station: TR/TE, 1,000/82 ms; image acquisition in the coronal plane; slice thickness/gap, 7.0/1.0 mm; number of slices, 25; FOV, 400 mm^2^; acquisition matrix, 320; one signal average; imaging percentage (phase encode reduction), 96%; half image factor, 0.525; parallel imaging \[sensitiviy encoding (SENSE)\] factor, 2.0; actual pixel size, 1.25 × 1.31 mm^2^; reconstructed pixel size, 0.78 × 0.78 mm^2^; image acquisition under (end-inspiratory) breath-holding; total imaging time, 25 s per station.

Diffusion-weighted single-shot echo-planar imaging (EPI) was performed in the transverse plane with slice overlaps in station 1 (head/neck), because station 1 is relatively more prone to image distortion. No slice overlaps were used for DWI of stations 2--4 (chest, abdomen, and pelvis). Station 1: TR/TE/inversion time, 5,320/68/180 ms; slice thickness/gap, 4.0/−1.0 mm; number of packages, 2; number of slices, 75; four signal averages; total imaging time, 191 s. Stations 2--4: TR/TE/inversion time, 9,249/68/180 ms; slice thickness/gap, 4.0/0 mm; number of packages, 1; number of slices, 65; five signal averages; total imaging time, 212 s per station. The remaining parameters for DWI were the same in all stations: FOV, 400 mm^2^; rectangular FOV, 70%; acquisition matrix, 160; motion probing gradients in three orthogonal axes; number of *b* values, 2 (0 and 1,000 s/mm^2^); imaging percentage (phase encode reduction), 80%; half image factor, 0.6; parallel imaging (SENSE) factor, 2.0 (of note, to enable parallel imaging, each station needed separate preparatory imaging); EPI factor, 47; actual pixel size, 2.50 × 3.19 mm^2^; reconstructed pixel size, 1.56 × 1.56 mm^2^; image acquisition under free breathing.

Diffusion-weighted images were coronally reformatted, with a slice thickness/gap of 5.0/0 mm, and displayed using grey-scale inversion. Subsequently, the four separately acquired stations were merged by software implemented in the standard operating console (MobiView, Philips Healthcare, Best, The Netherlands), for each of the coronal T1-weighted, coronal T2-weighted and coronal reformatted DWI datasets. In this way, seamless coronal whole-body T1-weighted, T2-weighted and diffusion-weighted images were created, each covering the area from at least the neck to the inguinal area (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3Representative examples of whole-body T1-weighted (**a**), T2-weighted (**b**) and diffusion-weighted (**c**) images, acquired using the sliding surface coil approach, in an asymptomatic subject without abnormal findings (case 2). Note that anatomical alignment and image quality at the boundaries between the head/neck and chest stations, and between the boundaries of the abdominal and pelvic stations are good to excellent, whereas those at the boundaries between the chest and abdominal stations are moderate to good (*arrowheads*)

Data analysis {#Sec6}
-------------

Time required to change the surface coil from one station to the next station was measured for each of the three station changes, in each asymptomatic subject. Average time ± SD to change the surface coil from one station to the next station and average total extra examination time ± SD were calculated.

Subsequently, the coronal whole-body T1-, T2- and diffusion-weighted images were reviewed by two independent board-certified radiologists (blinded by the author, with 20 and 12 years' experience in MRI interpretation). Anatomical alignment between adjacent stations in each sequence was assessed using a five-point grading scale (1 = very poor, anatomical alignment completely lacking; 2 = poor, anatomical alignment differs by more than 20 mm; 3 = moderate, anatomical alignment differs by more than 5 mm, but less than 20 mm; 4 = good, anatomical alignment differs by less than 5 mm; 5 = excellent, exact anatomical alignment). Furthermore, both image quality at the boundaries of adjacent stations and overall image quality of all stations in each sequence were assessed using a four-point grading scale (1 = inadequate image quality with marked artefacts; 2 = adequate image quality with diagnostically relevant artefacts; 3 = good image quality with slight, diagnostically irrelevant artefacts; 4 = excellent image quality without artefacts).

Median scores regarding anatomic alignment between adjacent stations, image quality at the boundaries of different adjacent stations, and overall image quality of all different stations were calculated for each sequence. The Kruskal-Wallis test was used to test for overall equality of medians in each data group. When significant differences occurred, independent samples were compared by using the Mann-Whitney *U*-test. Differences were considered significant when *P* values were less than 0.05. Statistical analyses were executed using Statistical Package for the Social Sciences (SPSS) software version 16.0 (SPSS, Chicago, Ill., USA).

Results {#Sec7}
=======

All subjects tolerated this whole-body MRI protocol well (including breath-holding for T1- and T2-weighted imaging), without any claustrophobic events. Average total scan time ± SD was 38 min 10 s ± 2 min 16 s. Average effective room time ± SD was 41 min 8 s ± 2 min 18 s. Average time ± SD to change the surface coil from one station to the next station was 53.8 ± 7.1 s (range, 35--67 s). Average total extra examination time ± SD for imaging four stations (corresponding to three coil repositionings) was 2 min 41.4 s ± 15.3 s (range, 2 min 16 s to 3 min 1 s).

Median scores regarding anatomical alignment were 5 (excellent) between all stations on all sequences, and were not significantly different from each other, for both observers (Table [1](#Tab1){ref-type="table"}). Table 1Overall comparison of scores regarding anatomical alignment between different stationsSequenceObserverMedian score (range)*P* valueStations 1↔2Stations 2↔3Stations 3↔4T1-weighted15 (−)5 (−)5 (−)1.00025 (4--5)5 (4--5)5 (4--5)1.000T2-weighted15 (−)5 (−)5 (−)1.00025 (−)5 (−)5 (−)1.000DWI15 (−)5 (−)5 (−)1.00025 (−)5 (3--5)5 (−)0.126Scoring system: 1 = very poor, anatomical alignment completely lacking; 2 = poor, anatomical alignment differs by more than 20 mm; 3 = moderate, anatomical alignment differs by more than 5 mm, but less than 20 mm; 4 = good, anatomical alignment differs by less than 5 mm; 5 = excellent, exact anatomical alignment

Median scores regarding image quality were 4 (excellent) at all station boundaries of T1- and T2-weighted images, and were not significantly different from each other, for both observers (Table [2](#Tab2){ref-type="table"}). However, although median scores regarding image quality at the boundaries of different stations of diffusion-weighted images were 3 (good) or 4 (excellent), they were significantly different from each other, for both observers (Table [2](#Tab2){ref-type="table"}). Pairwise comparisons revealed that the quality of diffusion-weighted images at the boundaries of stations 1 and 2 (head/neck and chest) was significantly better (*P* ≤ 0.001 for both observers) than that at the boundaries of stations 2 and 3 (chest and abdomen) and stations 3 and 4 (abdomen and pelvis), without any significant differences between the other stations. Table 2Comparison of scores regarding image quality at the boundaries of different stationsSequenceObserverMedian score (range)*P* valueStations 1↔2Stations 2↔3Stations 3↔4T1-weighted14 (−)4 (−)4 (−)1.00024 (−)4 (−)4 (−)1.000T2-weighted14 (−)4 (−)4 (−)1.00024 (−)4 (−)4 (−)1.000DWI14 (−)3 (2--4)3 (−)\< 0.00124 (−)3 (2--4)3 (2--4)\< 0.001Scoring system: 1 = inadequate image quality with marked artifacts; 2 = adequate image quality with diagnostically relevant artifacts; 3 = good image quality with slight, diagnostically irrelevant artifacts; 4 = excellent image quality without artifacts

Median scores regarding overall image quality were either 3 (good) or 4 (excellent) for all stations of all sequences and for both observers, but these scores were almost always significantly different from each other (Table [3](#Tab3){ref-type="table"}). Pairwise comparisons first revealed that the overall quality of T1-weighted images of stations 1 (head/neck), 3 (abdomen), and 4 (pelvis) was significantly better (*P* = 0.030) than that of station 2 (chest) for observer 1, without any significant differences between the other stations. Findings of observer 2 were slightly different; the overall quality of T1-weighted images of station 1 (head/neck) was significantly better (*P* \< 0.03) than that of all other stations, and the overall quality of T1-weighted images of station 4 (pelvis) was significantly better (*P* = 0.004) than that of station 3 (abdomen), without any significant differences between other stations. Second, overall quality of T2-weighted images of stations 1 (head/neck), 3 (abdomen), and 4 (pelvis) were significantly better (*P* = 0.012 for observer 1 and *P* \< 0.001 for observer 2) than that of station 2 (chest), without any significant differences between the other stations. Third, although median scores regarding overall quality of diffusion-weighted images of all stations were not significantly different from each other for observer 1, this was the case for observer 2; pairwise comparisons revealed that overall quality of diffusion-weighted images of station 1 (head/neck) was significantly better (*P* = 0.012) than that of all other stations, without any significant differences between the other stations. Table 3Comparison of scores regarding overall image quality of each stationSequenceObserverMedian score (range)*P* valueStation 1Station 2Station 3Station 4T1-weighted14 (−)4 (2--4)4 (−)4 (−)0.00524 (−)3 (2--4)3 (−)4 (3--4)\< 0.001T2-weighted14 (−)3.5 (2--4)4 (−)4 (−)0.00124 (−)3 (2--4)4 (2--4)4 (3--4)\< 0.001DWI14 (−)4 (−)4 (3--4)4 (−)0.39224 (−)3.5 (3--4)3 (2--4)3.5 (3--4)0.012Scoring system: 1 = inadequate image quality with marked artifacts; 2 = adequate image quality with diagnostically relevant artifacts; 3 = good image quality with slight, diagnostically irrelevant artifacts; 4 = excellent image quality without artifacts

A representative example of a whole-body T1-weighted, a T2-weighted and a diffusion-weighted image using a non-integrated sliding surface coil approach can be seen in Fig. [3](#Fig3){ref-type="fig"}.

One subject had a high suspicion of lung cancer because of a high signal intensity area in the lung at DWI, which was histopathologically confirmed. No abnormal findings were detected in any of the other nine subjects.

Discussion {#Sec8}
==========

Whole-body MRI has evolved into a clinically feasible technique over the past few years \[[@CR1]--[@CR17]\]. In MRI, and especially in whole-body MRI, there is always a trade-off between image quality and imaging time. Regardless of the type of MRI sequence used and the imaging speed itself, handling of the patient through the MRI system to obtain a whole-body examination has always been a major issue. Streamlining this process will yield both a reduction in total examination time and an increase in image quality. Previously, whole-body MRI was performed by repeatedly repositioning the patient in order to image the separate stations of the whole-body MRI examination; this significantly increased total examination time. Furthermore, anatomical alignment between separately imaged stations was not maintained using this approach; acquired images of separate stations had to be adjusted and aligned manually to create the visually appealing whole-body image \[[@CR3]\]. Then the moving table platform was introduced, allowing for sequential movement of the patient through the bore of the magnet during imaging; patient repositioning was no longer required and total examination time was reduced. Furthermore, the slice selection gradients match exactly at each station, as a result of which anatomical alignment between separate stations is maintained \[[@CR3]\]. Post-processing software capable of automatically aligning the different stations and fusing them into one seamless whole-body image has been developed; this significantly reduced the time required for processing the images after the examination. However, signal in whole-body MRI was still acquired using an integrated body coil, which yields inferior SNR and spatial resolution compared with a surface coil \[[@CR3]\]. Recently, whole-body surface coil technology (combining a large number of seamlessly integrated coil elements and independent radiofrequency channels) was introduced, which offers whole-body coverage and overcomes the problem of compromised image quality inherent to signal reception using an integrated body coil \[[@CR1], [@CR2]\]. Furthermore, a whole-body surface coil design allows for parallel imaging, which may be necessary for imaging time reduction and for DWI \[[@CR4], [@CR5]\]. On the other hand, non-integrated surface coils such as those still being used on most of the currently installed systems are widely available, yield excellent image quality and allow for parallel imaging. However, their limited anatomical coverage may be a practical issue.

The present study shows that it is feasible to perform a time-efficient and high-quality whole-body MRI examination (including DWI), using a non-integrated surface coil. Using the sliding surface coil approach, average extra examination time was only less than 3 min (161.4 s) for acquiring four separate stations. Furthermore, anatomical alignment between adjacent stations, image quality at the boundaries of adjacent stations, and overall image quality of all stations were graded as "good" to "excellent" overall. The quality of diffusion-weighted images at the boundaries of the chest and abdominal station, and at the boundaries of the abdominal and pelvic stations were relatively poorer (although still graded as "good" overall). In addition, the quality of T1-, T2- and diffusion-weighted images of the head/neck station tended to be better than that of the chest, abdominal, and pelvic stations (although still graded as "good" overall). This finding can be explained by the fact that the chest, abdominal, and pelvic regions are more prone to breathing artefacts (i.e. the continuously changing position of the diaphragm, paradiaphragmatic, and abdominal organs during image acquisition and between the two imaging procedures may result in slight image blurring) than the head/neck region. It should be noted that this problem is most likely not related to the sliding surface coil approach, and would also have occurred when using a whole-body surface coil design. Nonetheless, it may potentially hinder image interpretation and decrease lesion conspicuity.

Using the sliding surface coil approach, sufficient space was created to freely move the lower part of a surface coil over a distance of approximately 110 cm along the z-axis. However, true whole-body imaging was not performed, because the upper extremities were just outside the FOV, while the lower extremities were not examined at all. Nevertheless, the region from the head to the pelvis, the most essential part of the body when performing whole-body imaging studies (e.g. in cases of oncological staging) could easily be covered in all subjects.

Another relative drawback of the proposed sliding surface coil approach is narrowing of the bore diameter in the vertical direction by 6.5 cm because of the use of spacers and an additional table platform. Especially in the Western world, where the prevalence of obesity and the number of large-sized patients is increasing, this may be an issue \[[@CR20]\]. Furthermore, narrowing of the bore diameter may increase the risk of claustrophobic events, although all subjects in the present study tolerated the whole-body MRI examination well. Another drawback is the need to prepare the MRI table. However, this requires only a negligible amount of extra time (less than 5 min). Additionally, in the present study, a surface coil with a relatively small anatomical coverage (24 cm in the z-axis) was used. The use of a surface coil with larger anatomical coverage may even further decrease extra examination time, because fewer coil repositionings will be required. For example, a surface coil with 48 cm coverage (which is currently widely available for routine clinical use) allows up to 96 cm of imaging along the z-axis (with maintenance of anatomical alignment), with only one coil repositioning. Eventually, it is expected that the availability of whole-body surface coil designs will increase and that they will become the method of choice when performing a whole-body MRI examination. Until then, the sliding surface coil approach is an excellent alternative for performing a whole-body MRI examination.

A relative study limitation is the fact that the slice thickness of acquired coronal T1- and T2-weighted images (slice thickness/gap of 7.0/1.0 mm) did not match that of coronally reformatted diffusion-weighted images (slice thickness/gap of 5.0/0.0 mm). However, it would be impractical to acquire thinner T1- and T2-weighted slices, because this would considerably improve scan time and decrease SNR. Furthermore, the acquired axial diffusion-weighted dataset was reformatted into thin coronal slices rather than into thicker slices, because the former theoretically allows better lesion evaluation.

In conclusion, the present study showed that a time-efficient, high-quality whole-body MRI examination can easily be performed by using a sliding surface coil approach.

Electronic supplementary material {#AppESM1}
---------------------------------

Below is the link to the electronic supplementary material.

###### 

coil sliding (MOV 12.3 MB)

We thank Ms. Naoko Tsutsumi, Ms. Satomi Yano, and Ms. Asaka Obuchi for technical assistance in scanning. This work was funded (T.T.) by Nederandse Organisatie voor Wetenschappelijk Onderzoek (NWO) and the Japanese Society of Magnetic Resonance in Medicine (JSMRM).

**Open Access** This article is distributed under the terms of the Creative Commons Attribution Noncommercial License which permits any noncommercial use, distribution, and reproduction in any medium, provided the original author(s) and source are credited.
